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During acute infection our behavior tends to change. Despite how common sickness behavior is, its molec-
ular basis is not well understood. In a study published in Cell, Kim and colleagues (Meisel et al., 2014) impli-
cate bacterial secondary metabolites as triggers of neural TGF-b signaling, which results in behavioral
change during infection.When people are acutely sick from infec-
tion, they exhibit behavioral symptoms
with which we are all familiar: lethargy,
anorexia, anhedonia, and asociality. This
common behavioral syndrome, known
as sickness behavior (Johnson, 2002), is
believed to be an organized and adaptive
behavioral strategy, designed to enhance
host survival and to limit disease trans-
mission. Although much is known about
the neurological basis of sickness
behavior, our understanding of its molec-
ular triggers is extremely limited. Recent
work reported by Kim and colleagues
(Meisel et al., 2014) may offer new insight.
Nematode mutants defective in the
transforming growth factor-b (TGF-b)
homolog gene daf-7 exhibit compro-
mised defense against infection by
Pseudomonas aeruginosa. In worms,
P. aeruginosa causes an intestinal infec-
tion that results in death in a matter of
about 48 hr, but daf-7 mutants die much
faster (Reddy et al., 2009). In humans,
P. aeruginosa can cause a range of dis-
eases from soft tissue infections to pneu-
monia, and is a principal cause of death
in cystic fibrosis populations. Therefore,
better knowledge of how nematodes
defend against infection could help us un-
derstandhow tobetter treatP. aeruginosa-
infected patients.
The question of why daf-7 is important
for host defense led the authors to
discover that the mutant defect lies not
in the induction of the worm’s immune
response but rather in the sickness
behavior induced by the infection, in this
case expressed as avoidance of the
lawn of pathogenic bacteria. Previous
work established that worms can learn
and remember whether a food source
was pathogenic, and that food avoidance
is a protective behavior that complementsthe deployment of antimicrobial mole-
cules for host defense (Reddy et al.,
2009; Zhang et al., 2005). Using an
elegant interdisciplinary approach, Kim
and colleagues discovered that daf-7
(TGF-b) is transcriptionally induced in a
pair of chemosensory neurons within mi-
nutes of infection. They further estab-
lished that the DAF-7 ligand produced in
these neurons acts on adjacent interneu-
rons through a canonical TGF-b signaling
pathway, composed of the DAF-7 recep-
tor DAF-1, and its downstream signaling
components, resulting in the inhibition of
the co-SMAD homolog DAF-3 (Figure 1).
Neuron ablation experiments confirmed
that the ASJ chemosensory neurons
induce food avoidance, while the RIM/
RIC interneurons inhibit this behavior.
But how is daf-7 expression induced
during infection? To answer this question,
the authors undertook two complemen-
tary strategies that illustrate the power of
simplified model systems. First, using a
genetic screen for genes necessary for
daf-7 induction in the ASJ neurons, they
identified GPA-2 and GPA-3, two a sub-
units of heterotrimeric G proteins, which
frequently participate in signal transduc-
tion downstream of aptly named G pro-
tein-coupled receptors (GPCRs). GPCRs
are notable, among other reasons, for
acting as olfactory and chemosensory re-
ceptors in worms and in mammals. Thus,
it is reasonable to propose that some un-
known GPCR(s) functions in ASJ neurons
to detect some smell or other chemical
from P. aeruginosa, resulting in daf-7 in-
duction via a GPA-2/3 pathway.
If so, what is the ‘‘smell’’? Enter the
second approach. After observing that
the filtered supernatant of saturated
P. aeruginosa cultures was sufficient to
induce daf-7 expression in ASJ neurons,Cell Host & Microbe 16, Nthe authors proceeded to biochemically
isolate and characterize the active ingre-
dient—identifying phenazine-1-carboxa-
mide (PCN) and pyochelin, two secondary
metabolites produced by a small range
of bacteria, including pseudomonads.
Furthermore, they show that these two
metabolites are sufficient for inducing the
expression of daf-7 in ASJ neurons, and
cause the rapid activation of calcium
fluxes in the ASJ neurons in vivo. The
conclusion is that the animals ‘‘smell’’
P. aeruginosa-made PCN and pyochelin
using an unidentified GPCR, and in
response produce DAF-7 (TGF-b) ligand
in the ASJ neurons. DAF-7 signaling leads
to the inhibition of DAF-3 (co-SMAD) in the
RIM/RIC interneurons and downstream
bacterial lawn avoidance behavior.
Although the precise nature of the
connection between DAF-3 inhibition
and bacterial lawn avoidance is not
known, the authors offer a tantalizing
clue. In an elegant genetic experiment,
they found that mutation of gcy-35, which
encodes a soluble guanylate cyclase that
is necessary for detecting increasing oxy-
gen concentrations, fully suppressed the
avoidance defect of daf-7mutant animals.
This made sense, as the P. aeruginosa
lawn is hypoxic, providing a signal that
food is present (Reddy et al., 2009).
Thus, attraction to the lawn is mediated
by low oxygen levels, and repulsion may
be mediated by inhibition of such attrac-
tion by the TGF-b pathway—a hypothesis
that was supported by experiments in
which the infection was performed at the
worm’s preferred low oxygen tension,
where daf-7 mutants were indistinguish-
able from wild-type.
In summary, the work by Kim and col-
leagues (Meisel et al., 2014) identifies a
small set of secondary metabolites thatovember 12, 2014 ª2014 Elsevier Inc. 553
Figure 1. Circuit Logic of Behavioral Responses Induced by TGF-b
Detection of bacterial secondary metabolites, such as P. aeruginosa PCN and pyochelin, occurs via ASJ chemosensory neurons in the head of C. elegans. Kim
and colleagues propose that calcium waves in ASJ neurons cause induction of the TGF-b homolog daf-7. DAF-7 protein activates TGF-b signaling in adjacent
RIC/RIM interneurons, inducing transcriptional changes that ultimately result in behavioral change. A similar mechanism in humans might entail detection of
microbiota-derived secondary metabolites, which could be sensed by the enteric nervous system (ENS) or the vagus nerve (VN). Such detection could result
in sickness behavior via the action of cytokines such as TGF-b on the central nervous system.
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neurons and, that by a TGF-b signaling
cascade, triggers a behavioral modifica-
tion that enhances host survival. This
work joins a burgeoning body of literature
that establishes C. elegans as a premier
system to elucidate evolutionarily ancient
mechanisms of neural control of immunity
and behavior. Recent studies have iden-
tified a defensive transcriptional host
response induced by enteropathogenic
E. coli through dopaminergic signals, a
second TGF-b pathway in neurons that
triggers a transcriptional host response
in the epidermis during fungal infection,
a neuroendocrine insulin pathway for
the intestinal transcriptional response to
P. aeruginosa infection, a neurotrans-
mitter-repressed systemic unfolded pro-
tein response important for defense
against P. aeruginosa, an acetylcholine-554 Cell Host & Microbe 16, November 12, 20mediated rectal G protein pathway that in-
duces aversive behavior and immune
response to M. nematophilum, and an
oxygen-mediated behavioral and gene
expression response to P. aeruginosa
infection mediated by the GPCR NPR-1
(McMullan et al., 2012; Zhang and Zhang,
2009). Triggers may include small mole-
cules or disturbances to core cellular
processes, such as translation and mito-
chondrial function (Stuart et al., 2013).
The work by Kim et al. (Meisel et al.,
2014) may have direct implications for
human health. Humans broadly express
TGF-b and its receptors in the central
nervous system (CNS). TGF-b has been
implicated in several aspects of CNS
homeostasis, including neurogenesis,
inflammation, brain injury, and neurode-
generation (Buckwalter and Wyss-Coray,
2004; Krieglstein et al., 2011). The work14 ª2014 Elsevier Inc.highlighted here provides a strong ratio-
nale for exploring the role of TGF-b in
the behavioral responses to infection. It
is possible that microbiota-derived sec-
ondary metabolites like PCN and pyoche-
lin are detected by specific neurons in our
bodies, since the peripheral nervous sys-
tem innervates every tissue (Figure 1).
Such detection could set off a series of
events that result in the modification of
behavior by TGF-b signaling cascades in
the CNS. Furthermore, because recent
work has demonstrated the increasingly
evident role of the microbiota in brain
function (Tillisch et al., 2013) and in the
clinical manifestations of psychiatric and
neurodegenerative conditions, such as
autism (Hsiao et al., 2013) and Alz-
heimer’s (Shoemark and Allen, 2014), it
is plausible that the relevance of such
findings may transcend the boundaries
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mental aspects of the so-called ‘‘micro-
biota-gut-brain axis’’ that governs our
symbiotically determined health status.
No small feat for such a tiny worm.REFERENCES
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In this issue of Cell Host & Microbe, Suzuki et al. (2014) describe a Vibrio cholerae Type-III-secreted effector
that targetsmitochondrial dynamics to dampen host innate immune signaling. This suggests thatmammalian
hosts possess surveillance mechanisms to monitor pathogen-mediated alterations in the integrity of normal
cellular processes and organelles.The capacity of the mammalian innate
immune system to effectively respond
to invading pathogenic microorganisms
depends largely on effective surveillance
and response capabilities. To what
extent has the full range of microbial
strategies to subvert host surveillance
systems been recognized? In this issue
of Cell Host & Microbe, Suzuki et al.
(2014) report that the Vibrio cholerae
Type 3 secretion system effector VopE
is required to dampen innate immune
responses to bacterial infection of cul-
tured mammalian cells (Figure 1A). The
absence of VopE, which had previously
been demonstrated to be important for
full V. cholerae pathogenicity in a rabbit
model of enteric infection (Shin et al.,
2011), resulted in increased NF-kB- and
type I interferon (IFN)-mediated proin-
flammatory signaling during V. cholerae
infection.
Some pathogenic bacteria and viruses
have evolved tactics to actively suppress
inflammatory signaling in order to pre-vent clearance during early stages of
infection. In the case of V. cholerae,
several lines of evidence indicate that
VopE contributes to suppression of
inflammatory signaling through direct
engagement with host cell mitochondria.
Infection with V. cholerae strains lacking
VopE generated calcium-dependent
mitochondrial trafficking to the perinu-
clear region, an event that precedes
aggregation of MAVS, a mitochondrial
sensor of double-stranded RNA and
stimulation of proinflammatory signaling.
VopE appears to obstruct this process
by translocating to mitochondria and
inactivating the mitochondrial Rho
GTPases Miro1 and Miro2, which nor-
mally modulate mitochondrial dynamics
through the regulation of mitochondrial
trafficking.
How might VopE modulation of mito-
chondrial dynamics, the physiological
balancing of organelle fission and fusion
required to maintain mitochondrial ho-
meostasis within a cell, impair innateimmune signaling during infection with
V. cholerae? Although not entirely clear,
there is emerging evidence that the
regulation of mitochondrial dynamics
converges with MAVS signaling (West
et al., 2011). Indeed, proteins mitofusin-1
(MFN-1) and MFN-2, which promote
the process of mitochondrial fusion into
an extended filamentous morphology,
interact with MAVS in response to activa-
tion of cytosolic retinoic-acid-inducible
gene-I-like receptors through recognition
of viral RNA. While VopE was not found
to directly interact with MFN-1 or MAVS,
the authors suggested that perhaps
VopE-dependent reduction in MAVS sig-
naling might result from Miro-dependent
changes in mitochondrial trafficking to
the perinuclear region, although other
explanations remain possible.
Ashighly dynamic andmotile organelles
essential for the vitality of a cell, mito-
chondria monitor and maintain numerous
cellular processes including calcium
homeostasis, metabolism, programmedovember 12, 2014 ª2014 Elsevier Inc. 555
